Acute reduction in red cell volume (RCV) without significant alterations of blood volume in 22 patients with severe polycythemia secondary to cyanotic congenital heart disease resulted in a decrease in peripheral vascular resistance and an increase in stroke volume, systemic blood flow (SBF), and systemic oxygen transport. These changes are probably related to the decreased blood viscosity and yield shear stress associated with lower red cell concentrations. Hypervolemia in hypoxic polycythemia should be maintained in order to sustain an adequate SBF. In contrast to acute phlebotomy which may be expected to decrease blood oxygen content and SBF, the replacement of whole blood with plasma or 5% albumin is shown to result in an increased systemic blood flow and oxygen delivery.
SUMMARY
Acute reduction in red cell volume (RCV) without significant alterations of blood volume in 22 patients with severe polycythemia secondary to cyanotic congenital heart disease resulted in a decrease in peripheral vascular resistance and an increase in stroke volume, systemic blood flow (SBF), and systemic oxygen transport. These changes are probably related to the decreased blood viscosity and yield shear stress associated with lower red cell concentrations. Hypervolemia in hypoxic polycythemia should be maintained in order to sustain an adequate SBF. In contrast to acute phlebotomy which may be expected to decrease blood oxygen content and SBF, the replacement of whole blood with plasma or 5% albumin is shown to result in an increased systemic blood flow and oxygen delivery.
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Exchange transfusion I N POLYCYTHEMIA accompanying cyanotic congenital heart disease, both the hematocrit (Hct) and the circulating whole blood volume (WBV) are increased."2 The hypervolemia results from an increase in red cell volume (RCV). The increase in RCV provoked by hypoxia provides an increased oxygen-carrying capacity which maintains an adequate oxygen supply to the tissues. Since studies in dogs and man suggest that at any given Hct the systemic blood flow (SBF) is greater with hypervolemia than normovolemia,3-5 the induced hypervolemia probably helps sustain a sufficient SBF despite the increased viscosity that occurs at high hematocrits.6 7 Polycythemia in cyanotic congenital heart disease, however, is often of such severity that it may become a liability and produce adverse physiologic effects. The clinical manifestations of headaches, irritability, anorexia, and dyspnea have been attributed to polycythemia. Thrombotic lesions in the lungs,8' 9 kidneys, and central nervous system'0 have been found in polycythemic patients. Postoperative hemorrhagic diathesis, possibly a result of intravascular coagulation, is also frequently observed in these individuals."' 12 These complications have been attributed to the elevated blood viscosity and intravascular red cell aggregation that accom-297 the body by the systemic circulation (systemic oxygen transport).
Blood Viscosity and Yield Shear Stress
Following vHct reduction a decrease in blood viscosity occurred in all patients studied. Results from four patients (cases 2, 9, 10, and 17) who had simultaneous hemodynamic and viscometric studies before and after red cell pheresis are shown in figure 1 seven patients had clinically severe congestive heart failure. Reduction of the vHct and RCV was followed by an increase in the SBF in all patients (P < 0.001) from a mean of 3. For a 10% relative reduction in the vHct there was a 38% average increase in the SBF (fig.  4B ). The increase in SBF was the result of an increase in stroke volume. Stroke index (SI) rose from a mean of 33+ 14 ml/beat/m2 to 52 + 23 ml/beat/m2 (P < 0.001; fig. 3B ). Following the procedure there was no consistent or significant change in the heart rate or the rate of oxygen consumption (Vo2)* In only two subjects did the heart rate vary more than 10 To illustrate the effect of red cell pheresis on the systemic arterial blood oxygen saturation in cyanotic patients, it is useful to divide the patients into two groups ( fig. 5A and B 
Discussion
The main purpose of this study was to delineate the acute effects of isovolumic red cell volume reduction on circulatory dynamics in patients with polycythemia secondary to cyanotic congenital heart disease under stable and controlled conditions. Red cell concentration and volume were reduced while whole blood volume (WBV) was maintained as constant as possible. Although the amount of solution infused was carefully adjusted to replace all blood withdrawn, determinations of blood volume revealed a small but definite decrease in WBV following the procedure.
The mean resting SBF and stroke volume of our patients with severe hypoxic polycythemia were comparable to those of normal individuals except when there was marked congestive heart failure. The increase in blood viscosity at high Hct levels tends to increase resistance to blood flow.3' 6 However, the concomitant hypervolemia with its associated increased vascular dilatation may have the opposite effect and thus resting SBF may remain essentially normal.20 A significant increase in stroke volume and SBF followed RCV reduction and its replacement with an equal volume of plasma or 5% human albumin. This differs from the effect of phlebotomy without fluid replacement in normal patients and those with polycythemia vera when stroke volume and SBF are reduced.22 23 Our clinical experience has shown that acute phlebotomy in patients with hypoxic polycythemia may result in vascular collapse, cyanotic spells, cerebral vascular accidents, or seizures. These findings may be the sequelae of an acute reduction in SBF resulting from a decrease in blood volume. A controlled study using phlebotomy alone was, therefore, considered too hazardous.
An explanation for the observed increase in SBF and stroke volume is provided by the decrease in peripheral vascular resistance Circulation, Volume XLII, resulting from the procedure (figs. 4A and 3C). Marked changes in peripheral vascular resistance and SBF were induced experimentally by Murray and co-workers2' by producing normovolemic Hct changes in dogs. The decrease in peripheral vascular resistance and the consequent increase in SBF induced by normovolemic reduction of the Hct may be primarily attributed to the reduction in the viscosity and yield shear stress. Elevated blood viscosity in association with polycythemia of cyanotic heart disease bas been adequately documented. 19' 24, 25 The effect of a reduction in vHct on the viscosity at shear rates of 0.1 and 10 sec7l in four of our patients is illustrated in figure 1 . Physiologically the most significant viscosity measurements are those obtained at shear rates of 0 to 20 sec-' since these represent the changes relevant to flow in the microcirculation.6' 18 Furthermore, the changes in viscosity with greater red cell concentrations are paralleled by progressive increase in the yield shear stress ( fig. 2 ). Replogle and associates" have suggested that in polycythemia the yield stress may thus represent a significant portion of the peripheral resistance to the flow of blood. We observed in vitro a sharp decrease in yield shear stress following a reduction in the vHct in four patients in whom measurements were made prior to, and following, red cell pheresis. This suggests that a reduction in viscosity and yield shear stress may be important factors in lowering the peripheral vascular resistance. Further evidence of this effect is provided by the great similarity between the hematocritperipheral resistance relationship obtained experimentally2l and the viscosity-hematocrit curves obtained by direct measurements .26 In addition to the decrease in viscosity, two other factors must be considered in explaining the fall in peripheral resistance and increased SBF. These are the decreased arterial oxygen content and increased blood pH. Both are known to produce local vasodilation and increased SBF. 27 The rise in blood pH produced by intravenous infusion of plasma probably had no effect on SBF regulation since alkalosis was not produced, and replaceCiculation, Volume XLII, August 1970 ment with albumin caused a similar rise in SBF without any significant alterations in blood pH. Previous experiments have shown that in anemia the drop in arterial oxygen content, rather than the decrease in viscosity primarily results in an increase of SBF. A decrease in oxygen content without any changes in blood viscosity can produce progressive rise in SBF28; therefore, it seems likely that the mechanisms for decrease in peripheral resistance and increased SBF induced by erythropheresis are a reduction in the viscosity and yield shear stress and possibly a decreased arterial oxygen content. The present study demonstrates for the first time that the changes in vascular resistance and SBF induced in severe hypoxic polycythemia are similar to those previously observed in animal experiments.
Substantial acute improvement in SOT was produced by the reduction of vHct in most of our patients. As previously defined, the SOT is a measure of the amount of oxygen supplied, but not extracted by, the tissues per minute per unit of body weight. It represents the maximum amount of oxygen available to the tissues for utilization. The increase in SOT produced by erythropheresis is primarily due to the increase in SBF since oxygen-carrying capacity is always reduced and arterial oxygen saturation often declines as a result of pheresis. The maximum SOT usually occurs at the normal vHct.2' In hypoxic polycythemia arterial blood is desaturated, and oxygen transport is less effective relative to the vHct. The increased blood volume, however, by lowering the resistance to blood flow enough to maintain an adequate SBF,29 provides for more normal oxygen delivery at rest. The advantage of an increase in SOT following isovolemic RCV reduction may be in providing for a greater oxygen reserve available for tissue utilization on exercise. It should be emphasized that the improvement in oxygen delive ry was shown here as an acute result of erythr pheresis. How long it may persist following RCV reduction has not been determined.
In individuals with increased right ventricular outflow obstruction or pulmonary vascular resistance (group I), associated with marked secondary polycythemia, RCV reduction may produce a considerable fall in systemic arterial oxygen saturation. This is a result of the reduction in SVR, in the probable absence of a significant change in pulmonary resistance, leading to an increased right-to-left shunt via the ventricular septal defect. In patients with pulmonary atresia the fall in systemic saturation may be dramatic because the entire pulmonary blood supply is derived from the aorta. Among those with D-TGA without significant pulmonary stenosis or pulmonary vascular obstruction (group II), systemic oxygen saturation remained essentially unchanged following the procedure. The ability to maintain the blood arterial oxygen saturation in those with D-TGA may be related to increase in pulmonary blood flow and the improved mixing between the pulmonary and systemic circulations.
The replacement of whole blood with plasma was accompanied by a rise in blood CO2 content and pH. These changes were not observed when blood was replaced with a 5% human albumin solution. The rise in pH after replacement with plasma is most likely secondary to the increased CO2 content which in turn was attributed to the metabolism of the sodium citrate and anhydrous citric acid present in the administered plasma30' 31 
